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(54) Volume holographic memory-based optical information-recording/reproducing apparatus 



(57) A volume holographic memory-based optical 
information-recording/reproducing apparatus is capa- 
ble of enhancing density of spatial multiple recording. A 
recording medium 10 is mounted in the apparatus for 
recording a three-dimensional optical interference pat- 
tern formed by at least two coherent light beams 4, 5 as 
spatial changes in refractive index of the recording me- 
dium 1 0. A signal beam optical system 1 , 3, 6, 7 supplies 
a coherent signal beam 4 to the recording medium 
through a Fourier transform lens 9. A reference beam 
optical system 1, 11, 12 supplies a coherent reference 
beam 5 to the recording medium 10. The reference 



beam 5 is caused to intersect with the signal beam 4 
within the recording medium 10 and an angle of inter- 
section between the reference beam and the signal 
beam is changed by movement of mirror 1 2. Diffracted 
light of the reference beam 5 diffracted from the record- 
ing medium 10 is detected. Spatial beam modulating 
means 60 is arranged in the optical path of the reference 
beam optical system 1, 11, 12 for limiting light intensity 
of the reference beam 5 in a manner such that a cross 
section of the reference beam 5 in the recording medium 
10 has a light intensity distribution opposite to a light 
intensity distribution of the signal beam 4 in the record- 
ing medium. 



CM 
< 

O 
h- 
00 

Oi 

© 

Q. 

LU 



Printed by Jouvo, 75001 PARIS (FR) 



1 EP 0 945 870 A2 2 



Description 

[0001] This invention relates to a Fourier transform 
hologram, and more particularly to a volume holograph- 
ic memory-based optical information- recording/ repro- 
ducing apparatus. 

[0002] When parallel light perpendicularly impinges 
on an image formed on a plane as a dot pattern of light 
and dark having at ransmittance distribution, the parallel 
light is diffracted intensely in a direction perpendicular 
to the structure thereof. 

[0003] In general, an image can be considered to be 
an overlap of various spatial frequency components in 
different directions, just as an electric signal or an 
acoustic signal which varies with time can be considered 
to be decomposed into various sinusoidal wave compo- 
nents. Mathematically, distribution of the spatial fre- 
quency components can be obtained by calculating a 
two-dimensional Fourier transform. 
[0004] Optically determining an angular distribution of 
amplitude of diffracted light which is diffracted under the 
Fraunhofer's law by causing uniform parallel light to im- 
pinge on an image is equivalent to mathematically cal- 
culating the two-dimensional Fourier transform of am- 
plitude transmittance of the image. A Fourier transform 
hologram is formed by causing diffracted light from an 
image illuminated by coherent parallel light, i.e. a signal 
light to pass through a Fourier transform lens disposed 
apart from the illuminated image by a focal distance 
thereof, to cause an image as a distribution of the signal 
light to be formed on a focal surface or Fourier surface, 
then causing interference between the distribution of the 
signal light resulting from the Fourier transform and a 
coherent reference beam, and recording the distribution 
of the signal light as interference fringes on a photosen- 
sitive material applied on a flat plate. 
[0005] A wavefront recorded in the Fourier transform 
hologram corresponds to an image transformed through 
Fourier transform, so that it is required to perform in- 
verse Fourier transform to reproduce the image from the 
wavefront. The inverse Fourier transform is performed 
by reproducing the diffracted light by illuminating the pla- 
nar Fourier transform hologram with the identical refer- 
ence beam and converging the diffracted light by means 
of the Fourier transform lens. Thus, the amplitude trans- 
mittance distribution of the original image is reproduced 
on the Fourier surface. 

[0006] As described above, the planar Fourier trans- 
form hologram is capable of not only storing a hologram 
within a limited space but also enhancing redundancy 
of a record through dispersion of information in space 
by Fourier transform. 

[0007] Another type of Fourier transform hologram is 
a volume hologram having a larger thickness than that 
of such a planar recording medium described above. 
Generally, the volume hologram is capable of attaining 
an enhanced diffraction efficiency, so that it has an ad- 
vantage in recording bulk information. In the volume ho- 



lographic memory, information is stored in units of two- 
dimensional image pages dispersed in a three-dimen- 
sional space of the recording medium. 
[0008] In recent years, a recording medium, such as 
5 a photorefractive crystal of lithium niobate (LN), has 
drawn attention as a volume holographic memory which 
is capable of recording a three-dimensional interference 
pattern therein as spatial changes in refractive index of 
the recording medium. 
10 [0009] This photorefractive effect utilized in the re- 
cording medium is a phenomenon in which electric 
charge generated by optical pumping moves within the 
crystal to form a space electric field, and the space elec- 
tric field causes a linear electro-optical effect, i.e. the 
'5 Pockels effect, to change the refractive index of the crys- 
tal. For example, in a ferro-electric crystal having the 
photorefractive properties, a change in refractive index 
occurs in response even to a fine optical input pattern 
generally having 1000 lines or more per millimeter there- 
in. Further, the photorefractive effect is generated in real 
time at a response speed in the order of microseconds 
to seconds in dependence on the material of a crystal. 
Therefore, research has been carried out for various ap- 
plications of the photorefractive crystal as a real-time 
holographic medium which does not require develop- 
ment of an image. 

[0010] In recording digital data in the holographic 
memory, digital data is converted to a dot pattern image 
of light and dark, for example, on a plane of a panel of 
a transmissive thin film transistor liquid crystal display 
(hereinafter referred to as "LCD") by using spatial optical 
ON/OFF signals, and interference between diffracted 
light from the image data, i.e. a signal beam, and a co- 
herent reference beam is caused, to record the interfer- 
ence pattern in a rectangular parallelepiped recording 
medium. In reading the digital data from the holographic 
memory, the image of the dot pattern is regenerated by 
irradiating the holographic memory with the same light 
beam as the reference beam. The regenerated image 
is received by a photoelectric detector array, and an out- 
put signal from the detector array is processed by an 
electronic circuit to convert the output signal back to the 
digital data for reading. 

[0011] The image data is recorded in a portion of the 
recording medium where the signal beam and the ref- 
erence beam intersect with each other, so that it is pos- 
sible to perform space multiple recording by properly 
shaping a cross section of the reference beam in a man- 
ner adapted to a shape of the recording medium. For 
example, if the reference beam is shaped into a beam 
having an elliptical cross section having a vertical length 
of 1 mm and a horizontal length of 4 mm, it is possible 
to perform multiple recording in a vertical direction, at 
space intervals of 1 mm. In this case, the signal beam 
and the reference beam are made coincident in position 
for recording. 

[001 2] On the other hand : in conventional volume ho- 
lographic recording performed by the use of a Fourier 
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transform lens, if interference between a signal beam 
and a reference beam is caused in the vicinity of a Fou- 
rier surface, light intensity becomes saturated, for ex- 
ample, at the center of a 0-order light beam, resulting in 
a deformed recorded image. 

[0013] Therefore, interference between the two light 
beams is caused slightly away from the Fourier surface, 
so as to prevent light intensity from being saturated. 
However, this method, in which the light intensity of the 
signal beam and that of the reference beam are required 
to be adjusted on the basis of spectral distribution of a 
recording beam after Fourier transform, is not suitable 
for multiple recording of various signals having different 
spatial frequency components. 

[0014] Further, a CCD image sensor (hereinafter sim- 
ply referred to as "CCD") and the LCD, each of which 
uses a matrix of a plurality of charge coupled devices, 
have been developed in the fields of techniques of im- 
age pick-up and image display, respectively, and each 
required to have a larger open area ratio for improve- 
ment of its performance. However, when these devices 
are applied in the field of digital volume holography, 
crosstalk between adjacent pixels is increased due to 
their high open area ratio, resulting in degradation of a 
reproduced holographic image. 

[0015] Still further, conventionally, an apparatus of 
this kind uses a CCD having a higher open area ratio 
and is configured such that a brighter reproduced image 
can be obtained. To this end, a tolerance in positioning 
is limited to a value equivalent to a distance between 
adjacent light receivers of the CCD (or several jim or 
less), which requires high assembling accuracy. 
[0016] Basically, the CCD is liable to crosstalk be- 
tween adjacent pixels. Therefore, as the light-receiving 
area is increased to obtain a higher signal level, the 
crosstalk between adjacent pixels becomes larger. 
[0017] To overcome this problem, when the charge 
coupled devices used as light receivers for a digital in- 
formation-recording/reproducing apparatus, an ap- 
proach is employed in which one information unit (1 bit 
to a few bits) is formed by a plurality of pixels adjacent 
to each other, for example, two or four pixels, for reduc- 
tion of adverse effect of crosstalk. 
[0018] However, this approach suffers from redun- 
dancy of information and reduces density of recording. 
[0019] Moreover, in multiple recording in which the 
photorefractive effect is utilized for recording informa- 
tion as diffraction gratings, preceding recorded diffrac- 
tion gratings are progressively erased as the multiple 
recording of subsequent diffraction gratings proceeds. 
An attenuation coefficient of this erasure is referred to 
as the erasing time constant. It is required that meas- 
urement of an erasing time constant be carried out in 
advance on a medium for use in recording. The relation- 
ship in recording time between pages, which depends 
on the order of recording, is determined based on the 
erasing time constant. The operation for this determina- 
tion is referred to as scheduling. Multiple recording is 



performed following results of the scheduling, whereby 
a reproduced image having a desirable brightness can 
be obtained. 

[0020] However, crystals are different from each other 
s in an optical constant, the response speed, the degree 
of polarization, the erasing time constant, etc., which 
makes it difficult to attain homogeneous recording. 

SUMMARY OF THE INVENTION 

10 

[0021] It is a first object of the present invention to pro- 
vide a volume holographic memory-based optical infor- 
mation-recording/reproducing apparatus which is capa- 
ble of enhancing density of spatial multiple recording. 
is [0022] It is another object of the invention to provide 
a volume holographic memory -based optical informa- 
tion-recording/reproducing apparatus which is capable 
of reducing crosstalk between adjacent pixels and hav- 
ing an broader tolerance of positioning. 
[0023] It is a further object of the invention to provide 
a volume holographic memory -based optical informa- 
tion-recording/reproducing apparatus which is capable 
of carrying out homogeneous recording. 
[0024] To attain the above objects, the present inven- 
tion provides a volume holographic memory-based op- 
tical information-recording/reproducing apparatus in 
which a recording medium is mounted for recording a 
three-dimensional optical interference pattern formed 
by at least two coherent light beams as spatial changes 
in refractive index of the recording medium. The appa- 
ratus further comprises a signal beam optical system for 
supplying a coherent signal beam to the recording me- 
dium through a Fourier transform lens, a reference 
beam optical system for supplying a coherent reference 
beam to the recording medium., means for causing the 
reference beam to intersect with the signal beam within 
the recording medium to change an angle of intersection 
between the reference and signal beams, and means 
for detecting diffracted light of the reference beam dif- 
fracted from the recording medium. 
[0025] The volume holographic memory-based opti- 
cal information -recording/re producing apparatus is 
characterized by comprising spatial beam modulating 
means arranged in the optical path of the reference 
beam optical system for limiting light intensity of the ref- 
erence beam in a manner such that a cross section of 
the reference beam in the recording medium has a light 
intensity distribution opposite to a light intensity distri- 
bution of the signal beam in the recording medium. 
[0026] This volume holographic memory-based opti- 
cal information-recording/reproducing apparatus 
makes it possible to modulate the reference beam spa- 
tially and in phase in response to a recording signal, for 
optimum recording in a desirable spot within the record- 
ing medium, thereby enhancing density of spatial mul- 
tiple recording. 

[0027] Preferably, the light intensity distribution of the 
signal beam results from transformation of the signal 
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beam by the Fourier transform lens within a plane con- 
taining the signal beam and perpendicular to a plane on 
which the signal beam and the reference beam both lie. 
The spatial beam modulating means modulates the ref- 
erence beam in a manner such that the reference beam 
in the recording medium has a cross section having a 
light intensity distribution generally opposite in phase to 
the light intensity distribution of the signal beam in the 
recording medium resulting from transformation of the 
signal beam by the Fourier transform lens. 
[0028] Preferably, the spatial beam modulating 
means modulates the reference beams in a manner 
such that the cross section of the reference beam has 
a light intensity distribution in which intensity is lowest 
on a side of the recording medium on which the signal 
beam is incident and increases progressively toward an 
opposite side of the recording medium. 
[0029] Preferably, the spatial beam modulating 
means comprises a liquid crystal panel arranged per- 
pendicularly to the plane on which the signal beam and 
the reference beam exists and in parallel with the plane 
containing the signal beam. The crystal panel is electri- 
cally controlled to undergo a change to have an optically 
transparent portion having a transmittance distribution 
in which transmittance is lowest on a side of the record- 
ing medium on which the signal beam is incident and 
increases progressively toward an opposite side of the 
recording medium and which is opposite in phase to the 
light intensity distribution of the signal beam, and an op- 
tically opaque portion. 

[0030] More preferably, the spatial beam modulating 
means includes a Fourier transform lens having a Fou- 
rier surface thereof spaced from an optical axis of the 
signal beam and at least one spatial light modulator The 
spatial light modulator comprises a diffraction grating 
that forms a light intensity distribution of 0-order diffract- 
ed light of the reference beam by means of the Fourier 
transform lens substantially in parallel with the optical 
axis of the signal beam. 

[0031] Preferably, the means for detecting the diffract- 
ed light comprises a charge coupled element image 
sensor having a plurality of light-receiving pixel ele- 
ments disposed on a plane perpendicular to an optical 
axis of the diffracted light from the recording medium at 
predetermined intervals of a pitch, a pinhole array 
formed by a flat shade board having a plurality of aper- 
tures formed at the predetermined intervals of a pitch in 
a manner corresponding to the light-receiving pixel ele- 
ments. The flat shade board is held apart from the light- 
receiving pixel elements in a manner movable along the 
plane in directions orthogonal to each other. The means 
for detecting the diffracted light further comprises a drive 
element for driving the pinhole array in the directions 
orthogonal to each other. 

[0032] More preferably, the drive element comprises 
a piezoelectric element. 

[0033] More preferably, the pinhole array comprises 
a microlens array having convex lens fitted in the plural- 



ity of apertures, respectively, and shading material filling 
between the convex lenses. 

[0034] Preferably, the pinhole array comprises a mic- 
rolens array having distribution dioptric flat plate lens f it- 
5 ted in the plurality of apertures, respectively, and shad- 
ing material filling between the distribution dioptric flat 
plate lenses. 

[0035] Preferably, the volume holographic memory- 
based optical information-recording/reproducing appa- 
10 ratus further comprises monitoring means for detecting 
diffracted light leaking from a portion inside the record- 
ing medium in which the reference and signal beams 
intersect with each other, and shutter control means for 
controlling blink of the signal beam in response to a sig- 
is nal from the monitoring means. 

[0036] According to the above arrangement, when an 
erasing time constant is sufficiently larger than a value 
of a response speed during recording, by obtaining a 
typical erasing time constant, calculating a basic sched- 
ule from the erasing time constant, and detecting forma- 
tion of the diffraction gratings during recording, it is pos- 
sible to record information by feedback control carried 
out in a manner such that diffraction efficiency estimated 
from the schedule is obtained. 

[0037] More preferably the monitoring means com- 
prises means for detecting the diffracted light of the ref- 
erence beam from the recording medium and having a 
filter for decreasing quantity of received light. 
[0038] More preferably, the volume holographic mem- 
ory-based optical information-recording/reproducing 
apparatus further comprises monitoring beam-irradiat- 
ing means for irradiating the portion inside the recording 
medium in which the reference beam and the signal 
beam intersect with each other with a monitoring beam 
having a wavelength different from that of the signal 
beam, and means for moving the monitoring beam-irra- 
diating means in a manner such that the monitoring 
means can receive the monitoring beam reflected from 
the portion inside the recording medium. 
[0039] The aforementioned aspects and other fea- 
tures of the invention are explained in the following de- 
scription, taken in connection with the accompanying 
drawing figures wherein: 

FIG. 1 is a block diagram showing an embodiment 
of a volume holographic memory-based optical in- 
formation-recording/reproducing apparatus ac- 
cording to the invention; 

FIG. 2A is a diagram showing a spatial frequency 
intensity distribution of a signal beam; 
FIG. 2B is a diagram showing a spatial frequency 
intensity distribution of a signal beam; 
FIG. 3A is a perspective view showing a recording 
medium and a spatial light modulator; 
FIGS. 3B and 3C are diagrams showing transmit- 
tance distribution; 

FIG. 4 is a perspective view showing a recording 
medium and a spatial light modulator; 
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FIG. 5 is a view showing a further embodiment of a 
two-dimensional photodetector array according to 
the invention; 

FIGS. 6 A and 6B are views explaining effects of the 
two-dimensional photodetector array; 
FIG. 7 is a flowchart showing a procedure of posi- 
tion control of the pinhole array; 
FIGS. 8A and 8B are views showing a further em- 
bodiment of of a two-dimensional photodetector ar- 
ray according to the invention; 
FIGS. 9A and 9B are diagrams explaining charac- 
teristics of a further embodiment of a recording me- 
dium according to the invention; 
FIG. 10 is a block diagram showing essential parts 
of a further embodiment of a volume holographic 
memory-based optical information-recording/re- 
producing apparatus according to the invention; 
FIG. 11 is a block diagram showing essential parts 
of a still further embodiment of a volume holograph- 
ic memory-based optical information- recording/re- 
producing apparatus according to the invention; 
and 

FIG. 12 is a flowchart showing a procedure of 
schedule control. 

[0040] The invention will now be described in detail 
with reference to drawings showing embodiments there- 
of. Identically labeled elements appearing in different 
ones of the figures refer to the same element in the dif- 
ferent figures but may be not be referenced in the de- 
scription for all figures. 

[0041] In the following embodiments in each of which 
a volume holographic memory is mounted in an optical 
information recording/reproducing apparatus, descrip- 
tion is made by using an angle multiple recording appa- 
ratus for carrying out multiple recording in an identical 
space within a recording medium by changing the irra- 
diation angle of a reference beam. In the angle multiple 
recording apparatus, an amount of information corre- 
sponding to one page of image is recorded/reproduced 
using the reference beam irradiated at a preset irradia- 
tion angle, and by irradiating the reference beam at a 
substantially identical spot of the recording medium at 
different irradiation angles, an amount of information 
corresponding to a plurality of pages is recorded/repro- 
duced. In this case, each irradiation angle is required to 
have a range large enough to prevent occurrence of 
crosstalk between pages of images adjacent to each 
other when the stored information is read out. 
[0042] A recording medium used in the present em- 
bodiment is a photorefractive crystal for recording three- 
dimensional optical interference patterns as spatial 
changes in refractive index occurring within the crystal. 
More specifically, in most cases, a crystal of lithium nio- 
bate (LN) is used. LN is suitable for holographic multiple 
recording because its service life is relatively long, fixa- 
tion is possible, and it is easy to deal with. 
[0043] FIG. 1 shows a block diagram of a first embod- 



iment of an optical information-recording/reproducing 
apparatus including a volume holographic memory ac- 
cording to the present invention. 

[0044] A light beam emitted from a laser diode 1 is 
5 split by a translucent mirror 3 into a signal beam 4 and 
a reference beam 5. The two light beams are guided into 
an optical path of a signal beam optical system and an 
optical path of a reference beam optical system, respec- 
tively. Generally, in a laser diode, a light beam emitted 
as a linearly polarized light is modulated by an ND {neu- 
tral density) filter such that it has a predetermined light 
intensity. Then, a time period over which a recording me- 
dium is illuminated with the light beam is controlled by 
an automatic shutter controlled from outside. A half- 
wave plate may be used to control a direction of deflec- 
tion of the beam incident on the recording medium. 
[0045] The signal beam 4 reflected off the translucent 
mirror 3 passes through a shutter 6a, a reflecting mirror 
6, a light beam expander 7, a spatial light modulator 8, 
and a Fourier transform lens 9 to be applied to a record- 
ing medium 10. More specifically, the signal beam 4 is 
expanded by the beam expander 7 into a parallel pencil 
of rays having a predetermined diameter, spatially mod- 
ulated by the spatial light modulator 8 according to re- 
cording page data, i.e. spatially modulated to a two-di- 
mensional grating patterns according to the permission 
or inhibition of transmission of each pixel, then subject- 
ed to Fourier transform by the Fourier transform lens 9 
and converged on the recording medium 10, thereby 
forming an image in the recording medium as a Fourier 
transform image. Also in the present embodiment, the 
direction of deflection of the signal beam 4 may be con- 
trolled by the half -wave plate, and adjusted by an ND 
filter to have a predetermined light intensity. 
[0046] On the other hand, in the reference beam op- 
tical system, the reference beam 5 passes through a 
light beam expander 11 and a pager reflecting mirror 1 2 
to be applied to the recording medium 10. The signal 
beam 4 and the reference beam 5 intersect with each 
other inside the recording medium 10. The reference 
beam 5 which passed through the translucent mirror 3 
is expanded by the beam expander 11 into a parallel 
pencil of rays having a predetermined diameter. At this 
time, the reference beam 5 may have its light intensity 
adjusted by an ND filter. Thereafter, the reference beam 
5 is controlled by the pager reflecting mirror 12 to be 
applied to the recording medium at respective predeter- 
mined angles. Paging operation of the pager reflecting 
mirror 12 is controlled by sliding of the mirror 12 and 
changing of its angle of deflection such that an identical 
portion of the recording medium is irradiated with refer- 
ence beams 5 having respective different incidence an- 
gles. 

[0047] The signal beam 4 which passed through the 
Fourier transform lens 9 and the reference beam 5 re- 
flected by the pager mirror 12 interfere with each other 
within the recording medium 10 to form a hologram. 
More specifically, in recording data, the signal beam 4 
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and the reference beam 5 are Irradiated on the recording 
medium 10 simultaneously, and changes in refractive 
index occurring in the recording medium 10 are record- 
ed as an interference pattern. A time period during which 
a hologram is formed is controlled by the automatic shut- 
ter of the laser diode. 

[0048] In reproducing the recorded optical informa- 
tion, the shutter 6a is closed, and hence only the refer- 
ence beam 5 reflected by the pager reflecting mirror 12 
is irradiated on the recording medium 10, whereby dif- 
fracted light forms an image on a two-dimensional pho- 
todetector array 21 including a CCD via an inverse Fou- 
rier transform lens 20. Pixels of the CCD and pixels of 
an LCD are adjusted such that they have a one-to-one 
correspondence between them. The correspondence 
pattern between the CCD pixels and the LCD ones may 
be not only one-to-one but also one-to-four, four-to-one, 
or the like. Thus, when the information is reproduced, it 
is possible to read data by applying the reference beam 
5 alone to the interference pattern recorded in the re- 
cording medium 10. 

[0049] In this apparatus, a digital signal to be recorded 
is entered to a controller 30 and subjected to processing 
such as addition of an error-correcting code, binary cod- 
ing, etc. Then, the digital signal is converted by a signal 
beam control driver 31 to a signal indicative of a page 
image array. Data of each page is then delivered as a 
page image to the transmission spatial light modulator 
8 such as an LCD to form image data. The controller 30 
controls a time period over which the recording medium 
10 is to be irradiated with the two beams with the image 
data existing in the spatial light modulator 8 by means 
of a shutter control driver 32 that automatically controls 
the opening and closing the laser diode. 
[0050] At the same time, the controller 30 shifts the 
pager reflecting mirror 1 2 by means of a reference beam 
control driver 33 to change an angle position of the mir- 
ror 12 in accordance with the image data, whereby the 
reference beam 5 set to enter the recording medium 1 0 
at a predetermined incidence angle (8) is applied to the 
same over a predetermined time period to write a holo- 
gram therein. 

[0051] Subsequently, the procedure for sending a 
page image, setting the incidence angle of the reference 
beam 5, and recording a hologram is repeatedly carried 
out. One page of information is stored per incidence an- 
gle variably set to the reference beam 5. 
[0052] The process of information reproduction is as 
follows: the controller 30 causes the shutter 6a to close, 
and moves the pager reflecting mirror 12 by means of 
the reference beam control driver 33 to set the incidence 
angle of the reference beam 5 to a predetermined value 
which is identical to one of the values determined when 
the information was recorded; the reference beam alone 
is applied to the recording medium 10; and a diffracted 
light from one of the recorded interference patterns is 
focussed by the inverse Fourier transform lens 20 to 
form an image of the reproduced page on the two-di- 



mensional photodetector array 21 including the CCD. It 
is necessary that the light intensity of the reference 
beam is set to a sufficiently low value, compared with 
the value used in recording, to prevent the recorded in- 

5 formation from being erased. Further it is required to 
set the shutter control driver 32 and the reference beam 
control driver 33 for proper control of the irradiation time 
of the reference beam such that a photodetector output 
can have a proper S/N (signal-to-noise) ratio. The con- 

10 troller 30 carries out signal processing, such as decod- 
ing, error correction processing, etc., of the photodetec- 
tor output, whereby the information recorded in the re- 
cording medium 10 is read. 

[0053] As shown in FIG. 2A, if the optical axis of the 
is signal beam is set in a z direction, a reference optical 
axis of the reference beam which is not set to an angle 
in an x direction, and a direction orthogonal to these z 
and x directions is set as a y direction, when interference 
between the signal beam and the reference beam is 

20 caused within the recording medium 1 0 for recording, a 
spatial frequency spectral distribution intensity occurs 
at spots symmetric with each other with respect to the 
optical axis of the signal beam on an x-y plane parallel 
to a Fourier surface. The light intensity is saturated par- 

25 ticularly at the center of a 0-order light beam extending 
in the z direction as shown in FIG. 2B, which causes 
deformation of a reproduced image. 
[0054] To overcome this problem, the volume holo- 
graphic memory-based optical information-recording/ 

30 reproducing apparatus of the invention includes a sec- 
ond spatial beam modulating means 60 arranged in the 
optical path of the reference beam optical system for lim- 
iting the light intensity such that the cross section of the 
reference beam in the recording medium 10 has a light 

35 intensity distribution opposite in phase to that of the sig- 
nal beam shown in FIG. 2B to reduce amplitude of elec- 
tric field distribution within the recording medium result- 
ing from the interference between the two light beams 
to a sufficiently low level to prevent saturation of the light 

40 intensity. The light intensity distribution of the signal 
beam in the recording medium 10 as shown in Fig. 2B 
results from transformation of the signal beam by the 
Fourier transform lens within a y-z plane containing the 
signal beam and perpendicular to an x-z plane on which 

45 the signal beam and the reference beam both exist. In 
short, the second spatial beam modulating means 60 
modulates the reference beam such that the reference 
beam in the recording medium has a cross section hav- 
ing a light intensity distribution generally opposite in 

50 phase to the FIG. 2B light intensity distribution of the 
signal beam in the recording medium 10 resulting from 
transformation of the signal beam by the Fourier lens. 
More specifically, as shown in FIGS. 1 and 3A, the sec- 
ond spatial beam modulating means 60 comprises a liq- 

55 uid crystal panel 60 arranged in parallel with the y-z 
plane, which is electrically controlled to have its trans- 
mittance changed. The liquid crystal panel 60 is control- 
led such that it has an optically transparent portion 63 
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having a transmittance distribution opposite in phase to 
the FIG. 2B light intensity distribution of the signal beam, 
and an optically opaque portion 62. Further the liquid 
crystal panel 60 can be controlled to have an optically 
transparent portion 63 having a transmittance distribu- 
tion in which transmittance is lowest on a side of the 
recording medium 10 on which the signal beam imping- 
es and progressively increases toward the opposite side 
as shown in FIG. 3C, and an optically opaque portion 
62. Still further, as shown in FIG. 3A, the liquid crystal 
panel 60 may have a transmittance distribution formed 
by overlaying the transmittance distribution shown in 
FIG. 3B upon that shown in FIG. 3C. Any one of the 
above optically opaque portions 62 includes a semi- 
translucent portion formed according to the transmit- 
tance thereof. 

[0055] As described above, in the present embodi- 
ment, the LCD 60 is arranged in the optical path of the 
reference beam, particularly in the vicinity of the record- 
ing medium or in intimate contact with the same to spa- 
tially modulate the profile of the reference beam based 
on the spatial frequency spectral distribution of the sig- 
nal beam, an absorption coefficient of the recording me- 
dium, and so forth, whereby the intensity of the refer- 
ence beam is controlled not to be saturated at a spot of 
the Fourier surface at which the intensity of the signal 
beam is high. On the other hand, the intensity of the ref- 
erence beam is relatively increased at a spot at which 
the intensity of the signal beam is low, so as to obtain 
diffraction efficiency. In this case, the effect can be en- 
hanced by expanding the reference beam in cross sec- 
tion by the use of a light beam expander or the like. 
[0056] As shown in FIG. 4, the second spatial beam 
modulating means 60 may comprise a combination of a 
Fourier transform lens 64 and at least one diffraction 
grating 65 comprised of a liquid crystal shutter arranged 
in parallel with the y-z plane, other than the liquid crystal 
panel. The Fourier transform lens 64 is arranged on the 
optical axis of the reference beam such that its Fourier 
surface is spaced away from the optical axis of the signal 
beam. The diffraction grating 65 is arranged such that 
the reference beam transmitted through the Fourier 
transform lens 64 forms a light intensity distribution 66 
of a 0-order diffracted light substantially in parallel with 
the optical axis of the signal beam. 
[0057] As described above, in the present embodi- 
ment, in order to prevent the light intensity of each of 
the signal beam and the reference beam from becoming 
high in the vicinity of the 0-order light, the Fourier trans- 
form lens system is inserted on the reference beam side, 
whereby the Fourier surfaces of the two beams at an 
intersection of these beams do not coincide with each 
other with resect to the origin, but the Fourier surface of 
the reference beam is offset along the optical axis of the 
reference beam toward a 1 -order light-side of the signal 
beam. Further, it is possible to provide spatial light mod- 
ulators for controlling irradiating position and quantity of 
light, respectively, inside and outside the Fourier trans- 



form lens system, respectively. These modulators make 
it possible to reduce the volume of the recording medium 
required for recording, enabling a larger number of pag- 
es of spatial multiple recording. 
5 [0058] Next, a further embodiment of the present in- 
vention will be described. 

[0059] As shown in FIG. 5, in this embodiment, a two- 
dimensional photodetector array 21 shown in FIG. 1, i. 
e. light-detecting means for detecting a reproduced dif- 
10 fracted light beam includes a CCD 70 arranged on a 
plane perpendicular to the optical axis of the diffracted 
light from the recording medium, a pinhole array 74 com- 
prised of a flat shade 73 having a plurality of apertures 
72 formed therethrough with a predetermined pitch in a 
is manner corresponding to a matrix of light-receiving pixel 
elements 71 on the CCD 70 and held apart from the ma- 
trix of light-receiving pixel elements 71 in a manner mov- 
able along the CCD plane in directions orthogonal to 
each other, and drive elements 75 consisting of piezo- 
electric elements for driving the pinhole array 74 in the 
directions orthogonal to each other. 
[0060] Conventionally, an actual modularizing opera- 
tion in a process of assembling and adjusting modules 
of a volume hologram-recording/reproducing apparatus 
using Fourier transform lenses requires extremely ac- 
curate positioning, for example, for mounting CCD pho- 
toreceptive elements at predetermined space intervals 
with an assembly tolerance of closer than space inter- 
vals of the CCD photoreceptive elements, so that the 
manufacturing step is a troublesome and time-consum- 
ing one. The two-dimensional photodetector array 21 of 
the present embodiment makes it possible to eliminate 
the above incovenience. That is, the movable pinhole 
array 74 driven by the piezoelectric elements is dis- 
posed slightly apart from the CCD pixels 71, which 
makes the assembly tolerance less close and permits 
fine adjustment after assemblage. 
[0061] Further, the movable pinhole array 74 accord- 
ing to the embodiment can provide the following effects: 
FIG. 6 A shows a case in which an optical adjustment 
actually carried meets criteria, while FIG. 6B shows cas- 
es in which the same is insufficient. In one case shown 
in FIG. 6B in which the optical adjustment is carried out 
without the movable pinhole array 74, as indicated by 
dotted lines in the figure, outputs from adjacent pixel el- 
ements which should not receive light are also con- 
tained in the distribution of light intensity on the CCD. 
As a result, a contrast in an image formed by the CCD 
output signals is reduced. That is, out of the CCD out- 
puts after sampling, ones for use in imaging are affected 
by crosstalk from adjacent pixel elements, so that pixels 
which are originally expected to be below a level indi- 
cated at Low in the figure assume a medium value. This 
crosstalk actually causes serious degradation of the 
quality of a reproduced image. 

[0062] On the other hand, in the other case shown in 
FIG. 6B in which the optical adjustment is carried out 
with the movable pinhole array arranged slightly apart 
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from the CCD pixels, as indicated by solid lines in the 
figure, the open area ratio of the CCD is reduced by the 
pinhole array, whereby the amount of stray light incident 
on adjacent CCD pixels is decreased. 
[0063] Further, as shown in FIG. 7, the pinhole array 
74 is moved in the X-Y directions with reference to x and 
y positions by the drive elements 75, such as piezoelec- 
tric elements so as to prevent the beam from entering 
the adjacent pixels as stray light (S1 , S2), whereby the 
CCD outputs are obtained (S3) and demodulated (S4), 
error is detected (S5), the amount of displacement in the 
X-Y directions is detected based on the results of the 
error detection (S6, S7), and adjustment is repeatedly 
carried out according to the detected amount of dis- 
placement in the X-Y direction for optimization of signal 
intensity obtained. The piezoelectric elements for driv- 
ing the movable pinhole array is only required to move 
the pinhole array by ±0.5 pixel for the adjustments. 
[0064] Assuming that the open area ratio of the CCD 
limited by the movable pinhole array is equal to "I", an 
optimum open area of the LCD on the focus on the op- 
posite side of the Fourier transform lens facing the CCD 
is in a range of 1 to 0.5. 

[0065] FIG. 8A shows a further embodiment accord- 
ing to the invention. The pinhole array 74 of the two- 
dimensional photodetector array 21 may comprise a mi- 
crolens array having a plurality of convex lens 77 which 
are received in a plurality of apertures and a shielding 
material 78 filling space between the convex lenses 77. 
Further, as shown in FIG. 8B, the pinhole array 74 may 
comprise a microlens array having distribution dioptric 
flat plate lenses 79 fitted in the corresponding apertures 
and the shielding material 78 filling space between the 
lenses 79. 

[0066] Next, a still further embodiment will be de- 
scribed. 

[0067] According to this embodiment, the volume ho- 
lographic memory-based optical information -recording/ 
reproducing apparatus is provided with monitoring 
means for detecting diffracted light leaking from a por- 
tion within the recording medium in which the reference 
beam and the signal beam intersect with each other. A 
signal from the monitoring means controls shutter con- 
trol means for controlling blink of the signal beam. 
[0068] As shown in FIGS. 9 A and 9B, basically, re- 
cording of a hologram is carried out by recording optical 
mode coupling between a recording beam and the ref- 
erence beam in the recording medium of photorefractive 
crystal as changes in refractive index occurring within 
the recording medium. The intensity of the light which 
the CCD receives is determined in two modes. When 
light power is exchanged periodically between the ref- 
erence beam and the signal beam, for example, in a re- 
cording medium using LiNbOg which is doped with Fe 
and positioned such that changes in the refractive index 
occur within the crystal according to an electro-optic 
constant r 13 , as shown in FIG. 9A, an image which is 
being recorded blinks repeatedly with formation of dif- 



fraction gratings. On the other hand, in a recording me- 
dium positioned such that changes in refractive index 
occur within the crystal due to a photorefractive effect 
according to an electro-optic constant r^ as shown in 
s FIG. 9B, the light power of the reference beam is ab- 
sorbed in the recording beam. 

[0069] In these phenomena, as recording in the re- 
cording medium proceeds, the shift or transfer of the 
light power becomes more pronounced. That is, FIG. 9A 

10 shows a case in which there occurs an enhancement of 
contrast in light intensity of the diffracted light between 
light and dark caused by blinking, while FIG. 9B shows 
a case in which there simply occurs an increase in 
amount of the diffracted light. 

'5 [0070] The present embodiment is distinguished from 
the above embodiments in that the monitoring means is 
provided with a filter for decreasing an amount of re- 
ceived light. FIG. 10 shows an apparatus according to 
the present embodiment. Component parts and ele- 

20 ments corresponding to those of the above embodi- 
ments shown in FIG. 1 are indicated by identical refer- 
ence numerals, and description thereof is omitted. In the 
optical system, an adjustable filter 81 which is capable 
of attenuating light over a large adjustable range is pro- 

25 vided for the two-dimensional photodetector array 21 of 
the CCD camera, and a mixture of the transmitted signal 
beam and the diffracted reference beam is detected with 
increased attenuation during recording. Diffraction effi- 
ciency is calculated back from the luminance of the re- 

30 produced image for real-time and optimum recording. 
[0071] When there is a contrast in light intensity of the 
diffracted light between light and dark caused by blink- 
ing as shown in FIG. 9A, luminance difference between 
the light and the dark blinking is monitored to keep track 

35 of the recording state and control the same. 

[0072] In such a case as shown in FIG. 9B, the lumi- 
nance of an image which is being recorded increases 
with formation of diffraction gratings, so that the record- 
ing state is controlled such that the luminance reaches 

40 a predetermined level. 

[0073] Next, a still further embodiment of the invention 
will be described with reference to FIG. 11. Component 
parts and elements corresponding to those of the above 
embodiment shown in FIG. 1 are indicated by identical 

45 reference numerals, and description thereof is omitted. 
An apparatus of this embodiment includes a laser 83, 
and a drive mechanism 85. The laser 83 serves as mon- 
itoring beam-irradiating means for applying a monitoring 
beam having a wavelength different from that of the sig- 

50 nal beam to the portion within the recording medium 10 
in which the reference beam and the signal beam inter- 
sect with each other. The driving mechanism 85 moves 
the monitoring beam-irradiating means such that a light 
receiver 84 as monitoring means can receive the mon- 

55 itoring light reflected off the portion within the recording 
medium 1 0. The monitoring means may comprise a two- 
dimensional photodetector array. 
[0074] The laser 83 uses a laser beam having a wave- 
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length different from that of the signal beam as the mon- 
itoring beam. The laser 83 may consist of a He-Ne laser 
beam. Since the laser beam has the wavelength differ- 
ent from that of the signal beam, the Bragg angle Is also 
different from that of the signal beam. This makes it pos- 
sible to add a monitoring optical system to the conven- 
tional optical system for recording and reproduction of 
information. When an angle multiple recording method 
is employed as the multiple recording method, it is re- 
quired to change the incidence angle of the monitoring 
beam from the monitoring optical system as shown in 
FIG. 11. Therefore, the laser 83 and the light receiver 
84 are shifted in position by the drive mechanism 85 as 
shown in the figure, to change the incidence angle of 
the monitoring beam incident on the recording medium. 
The drive mechanism 85 may include a movable stage 
and a galvano mirror, two pairs of galvano mirrors, or an 
audio optical deflecting (AOD) element. The monitoring 
optical system makes it possible to monitor formation of 
diffraction gratings during recording independently. In- 
formation obtained from the monitoring is fed back for 
use in controlling a recording time period. 
[0075] Assuming that the light receiver 84 for moni- 
toring comprises a CCD camera, it is possible to obtain 
a reproduced image of data in real time while the data 
is being recorded. Therefore, it is also possible to cal- 
culate an error ratio of the recording from the repro- 
duced image and perform more appropriate control of 
the recording in real time. 

[0076] The light receiver 84 may comprise a photodi- 
ode. In this case, the adjustment for the pixel adjustment 
is not necessary, and hence its installation is simplified. 
The state of formation of diffraction ratings can be kept 
track of by monitoring the diffraction intensity. 
[0077] In a conventional holographic memory made 
of lithium niobate (LN), information is recorded by utiliz- 
ing the photorefractive effect. Since the photorefractive 
effect has no definite threshold value for recording, it is 
possible to record a relatively feeble light below 1 (VW 
cm 2 ). However the photorefractive effect has no thresh- 
old value for record erasure, either, so that a record is 
degraded even by irradiation thereon for multiple re- 
cording or reproduction. 

[0078] Now, the present embodiment will be de- 
scribed in further detail based on an example of a 
1000-page multiple recording operation. 
[0079] If recording is performed on 1000 pages with 
an identical recording power and over an identical time 
period per page, a record on the first page is inevitably 
degraded by recording beams for recording on other 
pages during recording of the second page and the fol- 
lowing ones. For this reason, assuming that the intensity 
of the diffracted light is equal to "1 M immediately after 
completion of recording on the first page, it is decreased 
to "0.94" (although the value can differ dependency on 
the characteristic of the crystal) after recording on the 
second page, to "0.92" after recording on the third 
page..., and eventually the intensity of the diffracted light 



16 

is decreased to a very low level when recording on the 
1000th page is finished. Thus, the quantity of diffracted 
light on each of the pages obtained after completion of 
the recording on the 1 000th page is not even but differ- 
5 ent from page to page. A conventional technique to 
overcome this problem is to carry out scheduling in 
which the quantity of erasure of each page to be caused 
by recording operations of the other pages is calculated 
in advance, and initial recording is carried out to an in- 
fo creased degree corresponding to the calculated inten- 
sity. However, according to the method of the present 
embodiment, it is possible to compensate for the eras- 
ure in real time. 

[0080] FIG. 12 shows an example of a recording pro- 
fs cedure carried out by the apparatus according to the 
present embodiment. As shown therein, first, the 
number of all recording pages is set, and the number of 
recorded pages is counted Irom an initial value thereof 
in step S1 . Then, position control of the reflecting mirror 
for the monitoring beam is performed in step S2, and it 
is determined in step S3 whether recording of all the 
pages is completed. If the recording is not completed, a 
desired value a of diffraction efficiency is calculated in 
step S4. Then, the shutter is opened in step S5, and the 
intensity of diffracted light b is detected in step S6. In 
the following step S7, it is determined whether the in- 
tensity b is equal to or smaller than the desired value a. 
If the intensity b is equal to or larger than the desired 
value a, the program returns to step S1, wherein the 
number of the pages is counted again. On the other 
hand, il the intensity b is larger than the desired value 
a, the program returns to step S3, wherein it is judged 
that the recording of all the pages is completed, followed 
by terminating the program. Thus, it is possible to mon- 
itor recording on a page-by-page basis in real time. 
[0081] While there have been described preferred 
embodiments of the present invention, it is to be under- 
stood that various modifications and variations will occur 
to those skilled in the art without departing from the spirit 
and scope of the invention as hereinafter claimed. 



Claims 

1. A volume holographic memory-based optical infor- 
mation-recording/reproducing apparatus in which a 
recording medium is mounted for recording a three- 
dimensional optical interference pattern formed by 
at least two coherent light beams as spatial chang- 
es in refractive index of said recording medium, said 
apparatus comprising: 

a signal beam optical system for applying a co- 
herent signal beam to said recording medium 
via a Fourier transform lens, 
a reference beam optical system for applying a 
coherent reference beam to said recording me- 
dium, 
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means tor causing said reference beam to in- 
tersect with said signal beam within said re- 
cording medium to change an angle of intersec- 
tion between said reference beam and said sig- 
nal beam, and 

means for detecting diffracted light of said ref- 
erence beam diffracted from said recording me- 
dium, said apparatus further comprising spatial 
beam modulating means arranged in said opti- 
cal path of said reference beam optical system, 
said spatial beam modulating means being for 
limiting light intensity of said reference beam in 
a manner such that a cross section of said ref- 
erence beam in said recording medium has a 
light intensity distribution opposite to a light in- 
tensity distribution of said signal beam in said 
recording medium. 

2. The apparatus according to claim 1, wherein said 
light intensity distribution of said signal beam results 
from transformation of said signal beam by said 
Fourier transform lens within a plane containing 
said signal beam and perpendicular to a plane on 
which said signal beam and said reference beam 
lie, and said spatial beam modulating means mod- 
ulates said reference beam in a manner such that 
said reference beam in said recording medium has 
a cross section having a light intensity distribution 
generally opposite in phase to said light intensity 
distribution of said signal beam in said recording 
medium resulting from transformation of said signal 
beam by said Fourier transform lens. 

3. The apparatus according to claims 1 or 2, wherein 
said spatial beam modulating means modulates 
said reference beams in a manner such that said 
cross section of said reference beam has a light in- 
tensity distribution in which intensity is lowest on a 
side of said recording medium on which said signal 
beam is incident and increases progressively to- 
ward an opposite side of said recording medium. 

4. The apparatus according to claim 1, wherein said 
spatial beam modulating means comprises a liquid 
crystal panel arranged perpendicularly to said plane 
on which said signal beam and said reference beam 
exists and in parallel with said plane containing said 
signal beam, said crystal panel being electrically 
controlled to undergo a change to have an optically 
transparent portion having a transmittance distribu- 
tion in which transmittance is lowest on a side of 
said recording medium on which said signal beam 
is incident and increases progressively toward an 
opposite side of said recording medium and which 
is opposite in phase to said light intensity distribu- 
tion of said signal beam, and an optically opaque 
portion. 



5. The apparatus according to claim 4, wherein said 
spatial beam modulating means comprises a Fou- 
rier transform lens having a Fourier surface thereof 
spaced away from an optical axis of said signal 

5 beam and at least one spatial light modulator, 
wherein said spatial light modu lator comprises a dif- 
fraction grating that forms a light intensity distribu- 
tion of 0-order diffracted light of said reference 
beam by means of said Fourier transform lens sub- 

10 stantially in parallel with said optical axis of said sig- 
nal beam. 

6. The apparatus according to claim 1 , wherein said 
means for detecting said diffracted light comprises: 

15 

a charge coupled element image sensor having 
a plurality of light-receiving pixel elements dis- 
posed on a plane perpendicular to an optical 
axis of said diffracted light from said recording 

20 medium at predetermined intervals of a pitch, 

a pinhole array formed by a flat shade board 
having a plurality of apertures formed at said 
predetermined intervals of a pitch in a manner 
corresponding to said light-receiving pixel ele- 

25 ments, said flat shade board held apart from 

said light-receiving pixel elements in a manner 
movable along said plane in directions orthog- 
onal to each other, and 

a drive element for driving said pinhole array in 
30 said directions orthogonal to each other. 

7. The apparatus according to claim 6, wherein said 
drive element comprises a piezoelectric element. 

35 8. A volume holographic memory-based optical infor- 
mation-recording/reproducing apparatus according 
to claims 6 or 7, wherein said pinhole array com- 
prises a microlens array having convex lens fitted 
in said plurality of apertures, respectively, and shad- 
ing material filling between said convex lenses. 

9. The apparatus according to claims 6 or 7, wherein 
said pinhole array comprises a microlens array hav- 
ing distribution dioptric flat plate lens fitted in said 
plurality of apertures, respectively, and shading ma- 
terial filling between said distribution dioptric flat 
plate lenses. 

10. The apparatus according to claim 1, further com- 
prising monitoring means for detecting diffracted 
light leaking from a portion inside said recording 
medium in which said reference beam and said sig- 
nal beam intersect with each other and shutter con- 
trol means for controlling blink of said signal beam 
in response to a signal from said monitoring means. 

11. The apparatus according to claim 10, wherein said 
monitoring means comprises means for detecting 
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said diffracted light of said reference beam from 
said recording medium, said means having a filter 
for decreasing intensity of received light. 

12. The apparatus according to claim 10, further com- s 
prising monitoring beam- irradiating means for irra- 
diating said portion inside said recording medium in 
which said reference beam and said signal beam 
intersect with each other with a monitoring beam 
having a wavelength different from that of said sig- 10 
nal beam, and means for moving said monitoring 
beam-irradiating means in a manner such that said 
monitoring means can receive said monitoring 
beam reflected from said portion inside said record- 
ing medium. '5 
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